TNO TPD, in close cooperation with Micromega-Dynamics and Dutch Space, has developed an advanced Optical Delay Line (ODL) for use in PRIMA, GENIE and other ground based interferometers. The delay line design is modular and flexible, which makes scaling for other applications a relatively easy task. The developed technology can also be applied in future cryogenic space interferometers, such as DARWIN, and TPF-I. The ODL has a single linear motor actuator for Optical Path Difference (OPD) control, driving a two-mirror cat's eye with SiC mirrors and CFRP structure. Magnetic bearings provide frictionless and wear free operation with zerohysteresis. The delay line has been assembled and is currently being subjected to a comprehensive test program.
INTRODUCTION
TNO TPD and its partners have a broad experience with developing delay lines. Recent projects include the delay lines for the ASTRIUM Nulling Breadboard (under ESA contract), the ESO VLTI delay lines (developed by Dutch Space and TNO TPD) and a DARWIN cryogenic breadboard delay line (under ESA contract) [13] . Based on this experience, a delay line has been developed with magnetic bearings for use in ground based instruments, such as GENIE and PRIMA. The generic long stroke actuator and guiding technology could also be applied for missions such as TPF-I. The main requirements for the Advanced Optical Delay Line Demonstrator have been derived from the ESO specifications for the PRIMA differential delay lines (DDL) [1] , with an additional anticipated requirement for OPD stability for GENIE. An overview of the main characteristics is given in Within this study, the responsibilities for the design and development are divided as follows:
• TNO TPD -Project management, systems engineering, optical design and OPD control engineering • Micromega-Dynamics -Guiding system development • Dutch Space -Linear motor amplifier and controller electronics development
CONCEPT SELECTION
The selection of the conceptual design for the advanced Optical Delay Line, for use in GENIE and PRIMA, is described in detail in [14] . The selected concept for the advanced ODL consists of: Optics: 2-mirror cat's eye Guiding:
Magnetic bearings constraining 5 DOF with eddy current sensors and central digital controller Actuation:
Single stage with linear motor actuator and digital OPD controller. The delay and its individual components are shown in figure 3.
Fig. 3. Magnetic Bearing Optical Delay Line for PRIMA and GENIE
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DESIGN OF THE OPTICAL DELAY LINE

Retro-reflector
The retro-reflector consists of a two-mirror cat's eye, containing one parabolic and one flat mirror. The parabolic M1 has a diameter of 200 mm (ESO I/F requirement) with a focal length of 700 mm. The flat M2 has a diameter of 25 mm. The cat's eye has two openings for the science beam and two for a laser metrology beam. The optical configuration is shown in figure 4 .
Fig. 4. Cat's Eye optical configuration
Structure
The use of magnetic bearings requires a high structural stiffness of the cat's eye, to avoid control flexibility interactions and subsequent bearing instability. This calls for a lightweight retro-reflector design, using advanced materials such as CFRP and SiC. The cat's eye consists of a tubular structure with internal baffles to suppress local modes.
The first natural frequency of the cat's eye (including mirrors) is 1082 Hz.
The tube is made from high modulus CFRP prepreg material and has a quasi isotropic layup. In order to avoid excessive moisture expansion, a cyanate resin is used instead of epoxy resin. The selected prepreg material is M55J/CE3, made by ATK-COI.
The internal baffles are made of sandwich panels with T300 face sheet and foam core. The baffles are shown in figure 5 . The open sides of the sandwich panels are covered with a single layer of CFRP, to avoid contamination of the mirrors by trapped dust particles. The entire CFRP structure, including the precision machining, is manufactured by Futura Composites in the Netherlands.
Fig. 5. CFRP baffles
Mirrors
The CTE of a quasi isotropic M55J laminate is around 1E-6 m/m/K and requires mirrors with matching CTE for maximum (thermal) stability. Various suitable materials are available (Zerodur, ULE, SiC), but SiC offers the best performance in terms of specific stiffness. The SuperSiC material, made by POCO Graphite in the USA, was selected for its high purity and relative ease of manufacturing. The mirror blanks are machined out of pure graphite and then converted to SiC. The Young's modulus is slightly lower than sintered SiC, but this can be offset by producing thinner wall thicknesses during machining. The resulting lightweighted mirror has an areal density of approximately 15 kg/m 2 . The first natural frequency is around 2 kHz.
After SiC conversion, the mirrors are CVD coated and polished. Polishing of both parabolic and flat mirror will be done in house by TNO TPD in cooperation with an external partner.
After polishing, a reflective Gold coating will applied to both mirrors to obtain the required transmission.
The parabolic M1 mirror is shown in figure 6 . The flat M2 mirror is shown in figure 7 . The M1 is mounted in flexures to compensate for the small mismatch in CTE (around 1.3E-6 m/m/K) between the CFRP structure and the mirrors. For similar reasons, a set of metal adjustment washers are added between M2 and the structure to compensate for variations in focal length.
The delay line is currently being tested with dummy mirrors. The polishing of the SiC mirrors will be completed before the end of 2004. 
Guiding Mechanism
TNO TPD applies a minimum-number-of-stages philosophy to all delay lines it develops. A smaller number of actuation stages simplifies the OPD control algorithm, reduces mechanical complexity and improves the optical quality of the outgoing beam.
The guiding mechanism is based on active magnetic bearings. The magnetic bearing system has been designed by Micromega-Dynamics in Belgium, who have extensive experience with magnetic bearings, including application in space mechanisms such as MABE [12] and the DARWIN breadboard cryogenic delay line [13] . Magnetic bearings offer ultra smooth guiding and have a number of advantages over other guiding options, such as flexures, ball bearings and air bearings. Another benefit of active magnetic bearings is the option of guiding error correction, reducing the requirements on mechanical tolerances, which could be more cost effective.
Magnetic bearings are relatively simple, and being contactless, do not require lubrication and do not wear. The inherent cleanliness makes them highly suitable for sensitive optical instruments.
In order to limit the power dissipation in the ODL, permanent magnet based reluctance force actuators will be used for the bearings. As the delay line requires operation in a 1g environment, the permanent magnets carry 100% of the mass of the moving part, to minimise power dissipation. The active coils are only used for balancing and dissipate only a few milliwatts. Figure 8 shows the magnetic bearing configuration. A (moving) piece of soft iron is attracted by a permanent magnet. The system is inherently unstable. The permanent magnet is located in the middle of two soft iron parts. The permanent magnet produces a constant magnetic flux and the coils generate a variable magnetic flux that is added (or subtracted) to (from) the constant one. Eddy current sensors provide position information to the bearing controller, which in turn, keeps the moving soft iron part in its centre position.
The advanced ODL has five magnetic bearings to constrain five degrees of freedom (the OPD controller constrains the other degree of freedom). The centralised magnetic bearing controller will run on the same PC as the OPD controller. The linear motor voice coil actuator is located at the back of the cat's eye and acts in the C.o.G. of the delay line. The coil assembly is attached to the static part of the ODL and the magnet rod is attached to the moving part, thus preventing disturbance forces caused by electrical wires. The magnet rod is attached to the cat's eye structure with a CFRP truss, as shown in figure 9 . 
OPD controller
The advanced ODL will use a digital controller. The controller will be implemented on a real-time Linux PC to enable quick adjustment and fine tuning of control parameters during the development phase.
In path stabilization mode the control system needs to reject a stochastic-type disturbance by means of a feedback action (there is no advance information available). For this type of regulator system fundamental limits on the performance apply. The maximum, theoretical achievable disturbance rejection depends on the spectral characteristics of the disturbance together with the total loop delay. Here, we have assumed that the plant dynamics -other than the delay -can be compensated for perfectly. In general, the maximum achievable disturbance rejection improves with a more narrowband disturbance spectrum and a smaller loop delay. Control simulations have been performed to predict the controller performance with various loop delays and OPD sensor sampling rates.
Experimental results at TNO TPD and Dutch Space on other delay lines, show that the predicted rejection ratio is achievable [3, 8, 10] . For the GENIE and PRIMA delay lines an attenuation of the disturbance of >70 dB appears to be feasible, enabling better than 1 nm RMS OPD stability.
OPD control performance testing will commence in September.
CONCLUSION
Analyses show that the design of an advanced single stage ODL can meet the requirements for GENIE and PRIMA.
The advanced ODL demonstrator has been assembled and a comprehensive test program has started in July 2004. The assembled ODL is shown in figure 10 . 
